M. J., AND A. C. GROOM. Washout kinetics of red ceZZs and plasma from the spleen, Am. J. Physiol. '231(6): 1665-1671.
1976. -Radioiodinated (lz51) serum albumin was injected intravenously in cats and allowed to equilibrate in the circulation.
Red cell and plasma washout from the isolated spleens were then compared during perfusion with oxygenated Ringer solution, the respective concentrations in the outflow being measured by celloscope and scintillation counters. Washout kinetics yielded three exponential components for cells (perfusate volumes for 50% washout (VI,& being 0.067, 4.70, and 97 ml/g spleen) but only two for plasma (V1,2, 0.14 and 2.40 ml/g). There is no plasma counterpart to the slowly released cells, i.e., they do not represent a separate vascular space. This is in accord with a previous view that these are immature cells, delayed through adherence to fine structures of the red pulp. Compartment analysis indicates that the plasma and two remaining cell components represent washout from two separate vascular spaces, containing 0.09 ml/g blood at arterial hematocrit 37% and 0.42 ml/g blood at hematocrit 75%, perfused by 0.9 and 0.1 of the arterial inflow respectively. Evidence suggests these spaces are i) blood vessels, and ii) red Pulp* splenic circulation; splenic blood crit; spl .enic washout kinetics stores; intrasplenic hemato-COMPARTMENTAL ANALYSIS HAS BECOME widely used as a means of interpreting the kinetics of distribution of tracer substances within the body and within even a single organ or tissue (13). The outcome of this approach is always a simple equivalent model, sufficient to represent the kinetics of distribution but not necessary in the sense of being the only valid model. For the investigator there always remains the obligation to determine what, if any, the morphological counterparts to the various "compartments" of the model might be.
Previous studies from this laboratory have shown that the washout of red cells from the cat spleen, perfused with cell-free Ringer solution, is equivalent to that from a system of three compartments (16) . These compartments were referred to as fast, intermediate and slow, respectively, because of their widely different half times of washout (30 set, 8 min, and 54 min). Evidence suggesting that there are indeed morphological counterparts to these three compartments has come from three separate lines of investigation.
First, studies of red cell washout from contracted spleens showed that 82% of the cells mobilized on contraction had come from the intermediate compartment (9). This suggested that the intermediate compartment constituted the splenic reservoir.
Second, histological studies of the distribution of red cells within the spleen, made after different periods of washout, indicated that the fast compartment consisted of red cells in the splenic vessels, the intermediate compartment of free cells in the red pulp, and the slow compartment of cells adhering to the fme structures of the red pulp (17) . By means of both optical and scanning electron microscopy the cells of the slow compartment were identified as immature and abnormal cells (18, 20) . Third, by collecting the venous outflow at three particular stages of the washout fairly pure samples (X5%) of the cells from each compartment were obtained. Examination of cell volume and specific gravity showed that cells of the fast and intermediate compartments were not significantly different from those of arterial blood, whereas the cells of the slow compartment were larger in volume and lighter in specific gravity, i.e., they were predominantly younger cells (10). By use of supravital stains these latter cells were found to consist largely of reticulocytes (19). From these results the following hypothesis was formulated. There are only two vascular compartments within the spleen, i) the vessels constituting the rapid pathway, and ii) the red pulp; the distinction between the intermediate and slow compartments is purely the result of a cellular factor. One way to test this hypothesis would be to compare the washout kinetics of radioactively labeled plasma with those of red cells, the two being studied in the same preparation simultaneously.
If the hypothesis were true, then one might expect to find in the plasma washout only two compartments, the two corresponding to the fast and intermediate components of cellular washout. Any result other than this would indicate the need for a different interpretation of the previous experimental findings. If the hypothesis were to be confirmed, however, then there would be the additional bonus that the red cell and plasma volumes of both vascular compartments could be computed from the data. Hence, the hematocrit of the blood contained in each compartment could be derived. The present paper reports the results of such an investigation.
METHODS
Fifteen cats weighing 1.5-4.5 kg were used in these experiments. All were healthy animals and were anesthetized with sodium pentobarbital (40 mg/kg ip).
Splenic washout procedure. In 10 animals weighing 1.5-3.5 kg, the spleen was isolated surgically except for the main splenic vessels and, then, before cannulation, 20 &i of radioiodinated (1251) human serum albumin (Frosst Pharmaceuticals) was injected into the general circulation via a femoral vein. A period of 90 min was allowed for intravascular equilibration of the labeled material, and the animals were then heparinized (1,000 USP U/kg iv). The splenic artery and vein were cannulated, and the spleen, placed in a Lucite chamber containing saline at 37OC was perfused in the manner we described previously (16) , except that we used a phosphate-buffered Ringer solution of pH 7.4, equilibrated at 37°C with 5% CO, in 0, (Fig. 1 ). Splenic druinuge procedure.
In five animals, weighing 2.5-4.5 kg, a different approach was used as an independent check on values of the intrasplenic hematocrit determined by the washout procedure. After isolation of the spleen the animals were heparinized (1,000 USP U/kg) and the splenic artery and vein were cannulated. The arterial cannula was clamped and the spleen was permitted to empty its contents passively, via the splenic venous cannula, into a series of graduated test tubes. When the outflow ceased a small quantity of norepinephrine (0.5 pg in 0.1 ml saline) was injected via a polyethylene tube(PE-50) inserted through the arterial cannula to the level of the arterial bifurcation. This was sufficient to induce active contraction of the spleen. Further blood samples were then collected until the outflow finally ceased. During this whole procedure the splenic weight was recorded continuously, as described earlier. The hematocrit of each blood sample was measured in duplicate with a microhematocrit centrifuge.
RESULTS
This investigation involved perfusion of isolated, denervated cat spleens with Ringer solution for a period of several hours. It was important to maintain the spleen in a steady state throughout and, therefore, as many parameters as possible were kept within the physiological range. The mean perfusion pressure was 83 t 12 (SD) cmH,O and the splenic venous pressure was approximately 4 cmH,O. The mean value of portal venous pressure in cats has been reported (6) as 6 mmHg . (range, 3.5-11 mmHg). In our experiments both inflow and outflow pressures were, therefore, on the low side of normal. We used a phosphate-buffered Ringer solution rather than the bicarbonate-buffered solution used previously (16), since changes in pH of the perfusate with. time have recently been found with the latter. In the present study measurements of perfusate pH, at both inflow and outflow, were made at regular intervals throughout each experiment. The pH at the outflow was always less than at the inflow, the mean values being 7.38 t .03 SD (inflow) and 7.20 t .03 SD (outflow Cell concentration (k SE) in outflow is plotted tude occurred, followed by a slower rate of decline over 1 further order for cells ( Fig. 2 ) and more than 2 further orders of magnitude in the case of albumin (Fig. 3 ), In the case of cells only, this was followed by an extremely slow but consistent fall of concentration throughout the interval from 1 to 3 liters of fluid perfused. The terminal portion of each graph was linear, corresponding to a single exponential function. A straight line was, therefore, fitted to this portion by the method of least squares, and the process of analyzing each curve into its exponential components was carried out as described previously (16) . This was done separately for each experiment and overall mean values plus/minus standard errors were then computed for the various parameters concerned (Table l) , This analysis showed that the washout curves of 1251-labeled albumin and red cells could be resolved into the sum of two and three exponential components, respectively. These are shown as solid lines in Figs. 2 and 3. Each component may be characterized by the volume of perfusate per gram splenic weight needed in order to reduce the concentration of albumin or cells by one-half (V,,,). For the plasma components the values of V,,, were 0.14 and 2.4 ml/g, and for the red cells the values were 0.067, 4.7, and 97 ml/g, respectively. It is clear that there is a close correspondence between the V,,, values of the plasma components and those of the fast and From the foregoing results it follows that the washout of plasma from the spleen corresponds to that from a system of two separate compartments, whereas the washout of red cells is equivalent to that from a combination of three. By use of these models we may extract additional information from the data, as shown in Table  1 . Thus, the initial rates of washout from the compartments are proportional to their perfusion rates. On this basis the fraction of the total initial concentration; in the venous outflow, of cells or albumin deriving from each compartment is equal to the fraction of the total flow of cells or albumin perfusing that compartment in the blood-perfused steady state immediately prior to washout. For the fast compartment of plasma and red cells these are equivalent to 90.1 and 90.3%, respectively; for the intermediate compartment the corresponding values are 9.9 and 9.6%, respectively, and for the slow compartment of red cells the value is OX%. It is evident, therefore, that with regard to the fractional perfusion of the compartments there is again a close correspondence between the two plasma compartments and the fast and intermediate red cell compartments.
The total radioactivity (counts per minute per gram) or total number of red cells (cells/gram) within a compartment is given by the quotient of the initial ccncentration and the rate constant, i.e., by Co/k, alternatively expressed as C, l V,,,/log, 2, From measurements of the plasma radioactivity, red cell count, and hematocrit of femoral venous blood, these stores may be expressed in terms of volume (ml/g) of plasma or cells, respectively ( Table 1 ). The mean total blood store of the spleen was 0.51 ml/g, of which 0.35 ml/g was red cells. This indicates that the mean splenic hematocrit was 70%.
Splenic drainage experiments. Mean hematocrit values of successive blood samples, collected from the splenic vein when predetermined volumes of blood had drained from the organ, were plotted versus the volume drained (Fig. 4) . The initial hematocrit (33.5%) was not significantly different from that of femoral venous blood (35.8 & 2.5%). However, after the first few milliliters the hematocrit rose steadily to a value of 78.5%, at which stage no further blood left the spleen. In these five animals the mean splenic weight was 40.3 * 2.1 g (SE) and the mean volume of blood drained was, therefore, 18.1 ml. The mean hematocrit of the blood drained may be calculated from Fig. 4 and was found to be 56%. DISCUSSION There can be no doubt from Figs. 2 and 3 that the washout curves of plasma and red cells from the spleen are very different. After perfusion by 15 ml/g, the cellular washout showed evidence of an extremely slow component that was completely absent in the case of albumin. This became apparent when the concentration of cells in the outflow had fallen by only slightly more than 2 orders of magnitude. Thereafter the concentration fell by only 1 more order of magnitude, in spite of perfusion by a further 90 ml/g of Ringer solution. Concentrations of 12Wabeled albumin were followed through a total range of 4 orders of magnitude, until sample counts could no longer be detected above background.
The compartmental models for red cells and for plasma, derived from these data, are shown in Fig. 5 . The red cell flows to the fast and intermediate cell compartments, are, in fact, 90.25 and 9.6%, respectively, of the total (Table 1) . If these compartments do indeed represent red cells in distinctive vascular spaces (see above) then the plasma flow should also be distributed to these same spaces in the same proportion. This is evidently so, because the plasma flow is distributed to two compartments in amounts of 90.1 and 9.9%, respectively, of the total flow ( Table 1) . The values of the washout half volumes of cells and plasma for either space differ only by a factor of approximately 2.0, whereas the ratio of the sum of these half volumes (V,,, cells + Vr,z plasma) for the two spaces is 34:1, leaving no possibility whatever that these kinetics could be reproduced by blood flowing through a single vascular compartment with a Gaussian distribution of transit times (21), Therefore, we conclude that the fast compartments of both cell and plasma models represent washout of blood from the same vascular space, Similarly, the slower plasma compartment and the intermediate cell compartment arise from the washout of a separate vascular space in which blood is moving more slowly.
No plasma counterpart to the very slow red cell compartment was found. This compartment, representing in these experiments 22% of the red cells in the spleen, cannot, therefore, be due to perfusion of a third vascular space but must indicate some delay process peculiar to these red cells, i.e., it must be the result of a purely cellular factor, This confirms the results of our earlier histological studies (17) (18) we believe these to be ;) blood vessels, and ii) the red pulp. On this basis we may combine the two separate models for cells and plasma into one model for the morphological distxibution of blood within the spleen (Fig. 6 ). For this purpose the cells of the intermediate and slow compartments, which are both in the red pulp, are lumped together.
Since the appropriate volumes of red cells and plasma are known, we may calculate the hematocrit of the blood in each vascular compartment (Fig. 6) . For the fast compartment this turns out to be 37%, almo& identical to the mean value 35.8% t 2.5 (SD) for femoral venous blood in this group of animals. The agreement between these two values supports the hypothesis that Instead of collecting all the blood expelled from the spleen as one mixed sample, the outflow was fractionated and the hematocrit of each successive sample measured (Fig. 4) . The initial hematocrit was comparable to that of femoral venous blood but, as drainage continued, the hematocrit rose gradually, reaching a final value of 78.5%. This value is very similar to the hematocrit of 75% determined from the washout experiments for the larger of the two vascular compartments, and the agreement lends support to the hypothesis that this larger compartment does indeed represent the blood contained in the splenic pulp.
From the washout experiments the total blood volume of the spleen was 0.51 -+ .07 (SE) ml/g splenic wt and the mean hematocrit was 70.0%. The drainage experiments indicated that, after maximal contraction of the spleen by 0.5 pg norepinephrine, a volume of blood equivalent to O-45 t .03 ml/g (SD) and of mean hematocrit of 56% can be discharged from the spleen. This indicates that nine-tenths of the blood in the organ can be expelled on contraction.
It has been reported, from measurements of changes in splenic weight, that during contraction up to 5 ml blood/kg wt can be discharged into the splenic vein of the cat (6). This value corresponds to 0.45 ml/g splenic wt, since the mean weight of the organ in those experiments was 11 g/kg body wt, and is in good agreement with the present results. Although the volume and hematocrit of the blood discharged has been estimated in various species, this is, to our knowledge, the first time that a measurement of the total volume and hematocrit of the blood in the spleen has been reported.
It is of interest that the rate constant for clearance of red cells from the fast compartment was roughly twice that for plasma (V,,, = 0.067 and 0.14 ml/g, respectively; Table 1 ) whereas in the case of the intermediate compartment the opposite was true (V1,s = 4.7 and 2.4 ml/g, respectively; Table 1 ). Radioactive-tracer studies have shown that red cells travel slightly faster than plasma in blood of normal hematocrit traversing the heart and lungs (8, 15), the kidney (3, 12), and the liver (5). Studies of this phenomenon made in an isolated, bloodperfused gastrocnemius muscle of cat, under conditions in which recirculation of labeled cells and plasma was avoided, showed that the magnitude of the effect was greatly dependent on the hematocrit of the blood (7).
Thus, the ratios of the mean velocities of cells to plasma at hematocrits of 20, 27, and 49% were 1.27, 1.12, and 0.99, respectively, while at a higher hematocrit (67%) a reversal occurred, cells traveling more slowly than plasma (velocity ratio 0.80). The present observations on spleen are thus qualitatively in agreement with these values.
From the classic work of Fahraeus (4) and the more recent work of Barbee and Cokelet (1), it is clear that when blood flows through tubes 100 pm or less in diameter the hematocrit of blood within the tube is less than that in the feed reservoir (due to a nonuniform distribution of red cells in the radial direction).
In particular, when blood of hematocrit 10% is passed through vessels 29 pm in diameter the tube hematocrit is found to be approximately half of this (1) . From the conservation of mass it follows that, under these conditions, the mean velocity of red cells passing through the tube will be twice that of plasma. Now perfusion of the fast compartment of the spleen by the first few milliliters of Ringer solution will be accompanied by a manyfold reduction in hematocrit of the blood contained therein. Therefore, if this compartment represents blood contained in the vessels, a ratio of 2:l for the clearance-rate constants of cells and albumin becomes, under the conditions of these experiments, entirely reasonable. It must be emphasized, however, that in the blood-perfused spleen the hematocrit of the fast pathway would be constant at 35-40% throughout, and, therefore, a ratio of clearancerate constants much nearer 1.0 would be expected. No such measurement has, to our knowledge, been reported.
The reversal of the cell:plasma velocity ratio found in gastrocnemius muscle (7) does not occur in glass tubes and no satisfactory explanation for it has yet been advanced. However, the larger vascular compartment of the spleen does not correspond to a series of cylindrical tubes but, rather, to a tortuous array of paths through the red pulp possessing, somehow, a remarkable capacity for plasma skimming and hemoconcentration (22). That the rate of clearance of plasma from the red pulp should exceed that of cells by a factor of 2 is, therefore, not entirely unexpected.
The Vliz for the slow red cell compartment is of particular interest to us because it provides a measure of the rate of release of immature and abnormal cells from adherence to the fine structures of the pulp. This process appears to be pH-and flow rate-dependent and is the subject of an investigation to be reported in a separate paper. As the pH of the perfusate is reduced below 7.4 the VI,* (slow) cells is reduced considerably and it is this that accounts for the much larger (5 times) value found in the present study than the value reported previously (16 
